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MAXIMUM PACING RATE LIMITER IMPLEMENTED USING THE 



EVOKED RESPONSE - T-WAVE INTERVAL 



Technical Field 

This invention relates to cardiac rhythm management systems for the heart. In 
addition, the invention relates to a maximum pacing rate limiter implemented using the 
evoked response - T-wave interval. 

Background 

Cardiac rhythm management (CRM) systems are a common solution for 
problems associated with the heart's inherent pacing capabilities. The fundamental 
components of a CRM system may include a pacemaker for creating electrical pulses to 
stimulate the heart and one or more electrodes for delivering the electrical pulses and 
sensing the heart's contraction in reaction to the stimulus. The heart's contraction in 
response to the electrical pulse is termed the evoked response. 

Typically, the CRM system may monitor the heart for a set escape interval. An 
escape interval is a period of time during which the pacemaker will wait to send another 
electrical pulse to the heart. If this escape interval is exhausted without detection of a 
natural heart contraction, an electrical pulse may be delivered to the heart. Electrical 
pulses may be delivered at a set pacing stimulation frequency based on the duration of 
the escape interval 

Pacing abnormalities may occur in both the atrial and ventricular portions of the 
heart. For heart abnormalities, including such examples as total or partial heart block, 
arrhythmias, myocardial infarctions, congestive heart failure, congenital heart disorders, 
and various other problems, a pacing system for the ventricles may include one or more 
adaptive rate sensors. An adaptive rate sensor is a sensor that may function to monitor 
an individual's physical activity. If the adaptive rate sensor determines that additional 
cardiac output is desirable for the physiological requirements of an activity, the adaptive 
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rate sensor may increase an adaptive-rate sensor indicated rate. The adaptive-rate 
sensor indicated rate is a rate provided by an adaptive rate sensor that may be used to 
decrease the duration of the escape interval of a pacemaker so that pacing stimulation 
frequency increases. As the pacing stimulation frequency is increased and the escape 
interval decreased, the heart is caused to beat at an increased rate and cardiac output 
may thereby be increased. 

A prior art CRM system 100, including an adaptive rate sensor 110 coupled to a 
CRM device 130, is shown in FIG. 1. The adaptive rate sensor 1 10 may include an 
adaptive rate sensor or other such device or signal that functions to provide an adaptive- 
rate sensor indicated rate. The adaptive rate sensor 110 may communicate the adaptive- 
rate sensor indicated rate to the CRM device 130. The CRM device 130 may be a 
pacemaker or other such device that functions to pace the heart. The CRM device 130 
may calculate an escape interval based on the adaptive-rate sensor indicated rate and 
deliver electrical pulses to the heart based on the escape interval. 

Adaptive rate sensors may be used to detect a wide range of cardiac-output 
requirements and increase the pacing stimulation frequency according to the increased 
activity of the individual. Examples of activities that may necessitate an increase in 
pacing stimulation frequency are strenuous activities such as jogging or swimming, 
although any increase in activity may heighten an individual's cardiac output needs. 

Presently there are three major types of commercial adaptive rate sensors 
available, including activity sensors, minute ventilation sensors, and QT interval 
sensors. All three types of sensors use different physiological criteria to measure 
changes in activity and therefore increased need for cardiac output. Unfortunately, all 
three sensor types may exhibit limitations in their use under various circumstances. 

An activity sensor measures the acceleration of an individual by typically using 
an accelerometer. In situations such as, for example, when an individual goes from 
standing still to walking, the individual's need for cardiac output increases. The activity 
sensor measures an increase in acceleration as the individual walks and therefore 
increases the pacing stimulation frequency for the heart. This increase in the frequency 



of stimulation increases cardiac output. A limitation of this type of sensor is that the 
increase in pacing stimulation frequency is not always proportional to the increased 
workload for the individual, such as when the individual remains relatively stationary 
(and therefore the sensor records no change in acceleration) but experiences a 
heightened increase in the need for cardiac output. Examples of this situation include 
riding a stationary bike, where no acceleration occurs, and to a lesser extent, walking up 
stairs, where workload is not proportional to acceleration. 

A minute ventilation sensor functions to monitor the breathing of the individual 
and equates increased respiration with the need for increased cardiac output. 
Specifically, the minute ventilation sensor can measure the volume of air inhaled and 
exhaled during a particular period of time, typically by measuring transthoracic 
impedance. An example of such a minute ventilation device can be found in U.S. Patent 
No. 6,161,042 to Hartley et al. If the impedance-based minute ventilation sensor detects 
an increase in respiration, it assumes that there is an increase in the need for cardiac 
output and the sensor therefore increases the pacing stimulation frequency. While this 
type of sensor functions more proportionally to workload, a limitation of this sensor is 
the significant variation among individuals requiring individualized calibration. 
Another limitation of the minute ventilation sensor includes motion artifact, a 
phenomenon wherein certain movements by an individual, such as waving the 
individual's arms in the air, may be incorrectly interpreted by the impedance-based 
sensor as an increase in respiration. 

A QT interval sensor functions to measure the interval between stimulus of the 
ventricle (Q) and the appearance of the T-wave signifying repolarization of the 
ventricle, as indicated on a typical electrocardiogram. A shortening of the QT interval 
may represent an increase in the need for cardiac output. Once again, a limitation of 
this type of sensor is a variation in QT intervals from individual to individual. For 
example, some individuals exhibit a QT interval that actually lengthens in duration 
during situations in which increased cardiac output is desirable. In addition, the QT 
interval sensor detects the interval from stimulation of the ventricle Q to detection of the 



T-wave, but contraction of the ventricle muscle actually occurs approximately 50 ms 
after stimulus. Therefore, in the relatively small QT interval of 120 - 250 ms, this lag 
between stimulus and contraction can have a significant impact on the accuracy of the 
measured rate of contraction. 

A shortcoming common to all adaptive rate sensors is the failure to provide 
meaningful limitation on pacing stimulation frequency at high pacing rates. This failure 
to limit the pacing rate can lead to situations in which the pacing stimulation frequency 
exceeds the cardiac output needs of the individual. More importantly, the increase of 
pacing stimulation frequency beyond a certain threshold can actually result in a 
decrease, rather than increase, in cardiac output. This phenomenon may occur because 
the ventricle may be caused to contract at a rate that is faster than the ventricle can fill 
with blood. 

Regarding activity sensors, because the rate provided by an activity sensor is not 
proportional to workload, there is no feedback provided to allow the activity sensor to 
immediately determine if the activity-sensor indicated rate exceeds the needs of the 
individual. Therefore, because no negative feedback exists, it is possible at high pacing 
stimulation frequencies for the activity sensor to provide adaptive-rate sensor indicated 
rates that exceed the individual's cardiac output needs. 

A minute ventilation sensor may be proportional to workload and may exhibit 
some negative feedback characteristics. However, if a minute ventilation sensor is not 
calibrated appropriately, it too can indicate rates that exceed the needs of the individual, 
particularly if motion artifact is introduced. Further, motion artifact limitations are still 
presented in the minute ventilation sensor. 

QT interval sensors do not have negative feedback in their normal operating 
range for adaptive-rate pacing. In fact, a QT interval sensor demonstrates a positive 
feedback characteristic because of the methodology utilized by the QT interval sensor to 
measure increased cardiac output need. This positive feedback is illustrated as follows: 



(a) the QT interval sensor detects a decrease in the duration of the 
individual's QT interval and therefore increases the adaptive-rate sensor 
indicated rate; 

(b) the increased adaptive-rate sensor indicated rate causes the pacemaker to 
decrease the duration of the escape interval, thereby causing an increase 
in the pacing stimulation frequency; 

(c) the increase in pacing stimulation frequency causes the duration of the 
individual's QT interval to decrease; and 

(d) the QT sensor detects this additional decrease in the duration of the 
individual's QT interval and therefore further increases the adaptive-rate 
sensor indicated rate. 

Therefore, positive feedback may occur in this situation where an increase in pacing 
stimulation frequency can cause a decrease in the duration of an individual's QT 
interval, thereby causing the QT interval sensor to further increase the adaptive-rate 
sensor indicated rate. 

The most sophisticated CRM systems implement a pair of the adaptive rate 
sensors described above (commonly activity and either minute ventilation or QT 
interval) to emphasize the strengths of particular sensors and lessen the limitations 
associated with each particular individual sensor. Such a system is the PULSAR™ 
MAX CRM system manufactured by Guidant Corporation, which utilizes an activity 
sensor in conjunction with a minute ventilation sensor. However, even in combination, 
the current adaptive rate sensors may have limitations, and therefore the potential exists 
for increased pacing stimulation frequencies that exceed an individual's cardiac output 
needs and may actually result in decreased cardiac output. 

The adaptive-rate sensor indicated rate is defined herein to further include an 
intrinsic atrial rate as measured from the atria of the heart. An intrinsic atrial rate is 
typically utilized as a method of pacing the heart in individuals where natural 
conduction pathways between the atria and ventricles have been damaged, such as in 
left branch bundle block. In cases such as these, an electrode or other such sensor is 



placed in the atria to detect atrial contraction and communicate this contraction to the 
ventricles via a pacemaker or other device. 

A common problem that may occur with use of intrinsic atrial pacing is atrial 
tachycardia, in which an individual's intrinsic atrial pacing rate reaches irregularly high 
rates. If the intrinsic atrial rate exceeds a certain threshold, use of the intrinsic atrial rate 
to pace the ventricles can cause the ventricles to contract at excessive rates. Therefore, 
use of the intrinsic atrial rate as a method of pacing the ventricles may also result in 
pacing stimulation frequencies that exceed an individual's cardiac output needs and may 
actually result in decreased cardiac output. 

Summary 

Generally, the present invention relates to cardiac rhythm management systems 
for the heart, and more particularly, to a maximum pacing rate limiter implemented 
using the evoked response - T-wave interval. In one aspect of the disclosure, a method 
for limiting a paced heart rate can comprise measuring an ERT interval, the ERT 
interval spanning detection of a paced ventricular evoked response and detection of a T- 
wave; calculating a maximum pacing rate based on the ERT interval; and adjusting the 
paced heart rate based on the maximum pacing rate. 

In another aspect of the disclosure, a pacing rate limiter for limiting a paced 
heart rate may comprise an ER sensor adapted to detect a paced ventricular evoked 
response and a T sensor adapted to detect a T-wave, wherein the pacing rate limiter 
calculates an ERT rate based on the paced ventricular evoked response and the T-wave. 

In yet another aspect of the disclosure, a cardiac rhythm management system for 
a heart may comprise a pacemaker module coupled to the heart so as to provide a paced 
heart rate; a pacing rate limiter module coupled to the pacemaker module; a paced 
ventricular evoked response sensor module coupled to the pacing rate limiter module, 
wherein the paced ventricular evoked response sensor module is adapted to detect a 
paced ventricular evoked response; a T sensor module coupled to the pacing rate limiter 
module, wherein the T sensor module is adapted to detect a T-wave; and an adaptive 



rate sensor module coupled to the pacing rate limiter module, wherein the adaptive rate 
sensor module communicates an adaptive-rate sensor indicated rate to the pacing rate 
limiter module. The pacing rate limiter module calculates an ERT rate based on the 
detected paced ventricular evoked response and the T-wave, and the pacing rate limiter 
module further communicates the minimum of the ERT rate and the adaptive-rate 
sensor indicated rate to the pacemaker module. 

In yet another aspect of the disclosure, a pacing rate limiter for limiting a paced 
heart rate may comprise a means for detecting a paced ventricular evoked response; a 
means for detecting a T-wave; and a means for calculating a maximum pacing rate 
based on the paced ventricular evoked response and the T-wave. 

In another aspect of the disclosure, a method for calculating a maximum pacing 
rate may comprise measuring a cardiac cycle, wherein the cardiac cycle comprises a 
ventricular relaxation portion and a ventricular contraction portion and limiting the 
maximum pacing rate to cause the ventricular relaxation portion to be a percentage of 
the cardiac cycle. 

The above summary of the present invention is not intended to describe each 
disclosed embodiment or every implementation of the present invention. The figures 
and the detailed description which follow more particularly exemplify these 
embodiments. 

Description of the Drawings 

The invention may be more completely understood in consideration of the 
following detailed description of various embodiments of the invention in connection 
with the accompanying drawings, in which: 

FIG, 1 illustrates a prior art cardiac rhythm management system. 

FIG. 2A is an electrocardiogram waveform of a typical heart. 

FIG. 2B is a waveform of a typical heart as measured internally using an intra- 
cardial or subcutaneous electrode. 



FIG. 2C is a timeline illustrating relaxation and contraction for the ventricles of 
a typical heart. 

FIG. 3 shows the operational flow of a pacing rate limiter according to an 
embodiment of the present invention. 

FIG. 4 illustrates a cardiac rhythm management system including a pacing rate 
limiter according to an embodiment of the present invention. 

FIG. 5 illustrates in more detail a pacing rate limiter according to an 
embodiment of the present invention. 

While the invention is amenable to various modifications and alternative forms, 
specifics thereof have been shown by way of example in the drawings and will be 
described in detail. It should be understood, however, that the intention is not to limit 
the invention to the particular embodiments described. On the contrary, the intention is 
to cover all modifications, equivalents, and alternatives falling within the spirit and 
scope of the invention. 

Detailed Description 

The present invention is believed to be applicable to cardiac rhythm 
management (CRM) systems for the heart. In particular, the present invention is 
directed to a maximum pacing rate limiter implemented using the evoked response - T- 
wave interval. While the present invention is not so limited, an appreciation of various 
aspects of the invention will be gained through a discussion of the examples provided 
below. 

In a typical CRM system, a pacemaker that is coupled to the heart is controlled 
using one or more adaptive rate sensors. As described above, an adaptive rate sensor 
functions to monitor the activity of an individual and increase pacing stimulation 
frequency when physiological needs of the individual require increased cardiac output. 
Examples of different adaptive rate sensors, as described above, include activity, minute 
ventilation, and QT interval adaptive rate sensors. An adaptive rate sensor may function 
to communicate an adaptive-rate sensor indicated rate to a pacemaker. The adaptive- 
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rate sensor indicated rate is a rate provided by an adaptive rate sensor that may be used 
to adjust the escape interval of a pacemaker so that pacing stimulation frequency 
increases. The adaptive-rate sensor indicated rate is herein defined to also include an 
intrinsic atrial rate as measured for individuals suffering from abnormalities such as left 
bundle branch block or other similar problems. Typically, the pacemaker may increase 
the pacing stimulation frequency based on the adaptive-rate sensor indicated rate. 

A pacing rate limiter according to a preferred embodiment of the present 
invention may act as an upper limit, or governor, to the adaptive-rate sensor indicated 
rate. A pacing rate limiter according to a preferred embodiment of the present invention 
may provide negative feedback, thereby assuring that the pacing stimulation frequency 
does not exceed the needs of an individual or result in decrease in a cardiac output 
because of excessive pacing stimulation frequencies. 

The methodology or manner by which a pacing rate limiter according to a 
preferred embodiment of the present invention may function requires an examination of 
the physiology of the heart. FIGS. 2A-2C are provided according to an identical scale 
on an X-axis, the X-axis representing an interval of time. The onset of the interval is 
marked as 201 and the conclusion is marked as 299. The interval 201-299 may function 
to represent a single cardiac cycle for a heart. 

In FIG. 2A, a typical electrocardiogram (ECG) waveform is provided. As in 
other ECGs, P represents atrial depolarization, the QRS complex represents ventricular 
depolarization, and the T-waveform represents ventricular repolarization. 

The waveforms as shown in FIG. 2B illustrate measurements taken of a typical 
heart as measured internally using an intra-cardial or subcutaneous electrode. An 
electrical pulse 250 is communicated to the heart by a pacemaker or other such device in 
order to initiate contraction of the ventricles, and waveform ER represents the paced 
ventricle evoked response, with onset at 255 and conclusion at 280. The ER waveform 
is the actual response by the ventricular muscle to the electrical pulse 250. The interval 
between the electrical pulse 250 and the onset of the evoked response 255 is typically 
approximately 50 milliseconds. This interval 250-255 represents the delay between 



stimulation of the ventricle and actual onset of contraction of the ventricle. Methods to 
detect the paced ventricular evoked response, such as through use of small coupling 
capacitor technology, are now known and are discussed generally in U.S. Patent Nos. 
5,941,903 to Zhu et al. and 6,067,472 to Vonk et al, both of which are incorporated 
herein by reference. 

In FIG. 2C, the interval 201-299 on the X-axis once again represents a single 
cardiac cycle, and intervals R and C represent relaxation and contraction of the 
ventricles, respectively. During interval R, the ventricles are in a relaxed state, and 
blood is allowed to fill the ventricles. During interval C, the ventricles are contracting 
or contracted, and blood is forced from the ventricles. 

As FIGS. 2A-2C are all drawn to approximately the same scale on the X-axis, it 
can be seen that the interval of contraction of the ventricles C can be approximated by 
the interval QT in FIG. 2A. However, the interval QT fails to account for the lag 
between the electrical pulse 250 by which the ventricle is stimulated and actual onset of 
contraction of the ventricles 255. 

Therefore, a better approximation of the interval of contraction is shown in FIG. 
2B as the interval from the paced ventricular evoked response ER to the T-waveform as 
shown in FIG. 2A. This interval between the evoked response ER and the T-waveform 
is herein defined as the ERT interval. Specifically, the ERT interval is the interval 
between detection of a specified segment of the waveform representing the evoked 
response ER and detection of a specified segment of the T-waveform. Detection of a 
specified segment of the evoked response ER and T- waveforms may include onset 
detection, peak detection, conclusion detection, or may include detection of a different 
segment of the relevant waveform. 

The ERT interval may provide a more precise approximation of the interval C 
representing the contraction of the ventricles. Measuring two or more ERT intervals 
and averaging the intervals using known methods, such as for example ensemble 
averaging, may further refine accurate measurement of the ERT interval. 
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During typical periods of low activity, the interval R represents approximately 
65-75% of the cardiac cycle 201-299 and interval C represents approximately 25-35% 
of the cardiac cycle. During periods involving increased cardiac output, the contraction 
interval C decreases in duration as the heart speeds up such that its percentage of the 
cardiac cycle remains relatively constant. In other words, although the total cardiac 
cycle, represented by the interval between 201 and 299, may decrease in duration as the 
pacing stimulation frequency increases and the heart beats faster, the relative 
percentages that R and C occupy in the cardiac cycle remain relatively constant, or 
approximately 65-75% and 25-35%, respectively. 

Eventually, however, the pacing stimulation frequency reaches a limit such that 
further increase in stimulation frequency can increase heart rate but the speed of 
ventricular contraction cannot be further increased. Thus, the contraction interval C 
becomes a larger proportion of the total cardiac cycle 201-299. This necessarily means 
that the relaxation interval R becomes a smaller proportion of the total cardiac cycle. 
Because of this phenomenon, there is less of the cardiac cycle devoted to diastolic 
filling of the ventricles as represented by R. As the rate of the stimulation frequency 
further increases, the ventricles have less and less time during relaxation interval R to 
fill with blood, and at a critical point cardiac output may actually decrease because too 
much of the total cardiac cycle 201-299 is devoted to contraction without enough time 
being devoted to relaxation to allow for filling of the ventricles. 

It is therefore desirable to ensure that the pacing stimulation frequency is not 
increased to the point that the contraction interval C occupies too much of the cardiac 
cycle. As an accurate approximation of interval C, the ERT interval can be measured 
and compared to the total cardiac cycle to determine the relative percentage of the 
cardiac cycle devoted to contraction. It is desirable, therefore, to limit the ERT interval 
as shown in Equation 1 : 

ERT interval < Y% (cardiac cycle) (1) 
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In Equation 1, the ERT interval is maintained as no greater than a percentage "Y" of the 
cardiac cycle. 

If the ERT interval is longer than a given percentage "Y" of the cardiac cycle, 
the pacing stimulation frequency can be limited or decreased. In a preferred 
embodiment of the invention, the percentage Y is 50%, such that the ERT interval is 
limited so as never to be greater than 50% of the total cardiac cycle. Other percentages 
for Y may also be selected. For example, the percentage Y may vary as between 
approximately 30-60% so as to maximize hemodynamic efficiency. In this manner, the 
pacing stimulation frequency may be limited such that it never reaches the critical point 
at which the contraction interval C occupies too great a percentage of the cardiac cycle 
and therefore cardiac output may be decreased. 

In the situation where an artificial stimulus such as a pacemaker is used to pace 
the heart, an escape interval represents the outer bounds for the length of the cardiac 
cycle. The escape interval is the period of time that a pacemaker will wait before 
sending an electrical pulse to the heart. If the pacemaker does not detect a contraction 
before the conclusion of the escape interval, the pacemaker will send an electrical pulse 
to the heart. As the escape interval decreases, the pacing stimulation frequency 
necessarily increases. If the ERT interval occupies more than a certain percentage of 
the escape interval, because the escape interval is too short in duration (and the pacing 
stimulation too fast), a decrease in cardiac output may result. Therefore, it would be 
desirable to maintain the ERT interval at some percentage of the escape interval as 
shown in Equation 2: 

escape interval > k x (ERT interval) (2) 

As this Equation 2 illustrates, the ERT interval, as an approximation of the time the 
ventricles are contracting, may preferably be maintained as a factor k less than the 
escape interval. The constant k may be linear or nonlinear, and in a preferred 
embodiment of the invention may be in the range of 1 .8 - 2.2. The constant k may also 
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vary depending on such factors as how the evoked response ER and T-wave are 
measured or may vary depending on the particular needs of the individual. If the 
constant k is set equal to 2, then Equation 2 is identical mathematically to Equation 1 
because the ERT interval is maintained at no greater than 50% of the cardiac cycle, or in 
this case the escape interval. 

Application of the above principles may be employed by a pacing rate limiter 
according to a preferred embodiment of the invention as illustrated by the methodology 
300 shown in FIG. 3. In module 310, a pacing rate limiter detects the paced ventricular 
evoked response (ER). In module 320, the pacing rate limiter detects the T-wave. The 
detection in modules 310 and 320 may include detection of the onset, peak, conclusion, 
or other segment of the waveform depending on the detection method used. In module 
330, an ERT interval is calculated as the interval of time between the ER and T-wave. 
Module 330 further calculates an ERT rate (in seconds) based on the ERT interval as 
follows in Equation 3: 



60 

ERT rate = - — — (3 ) 

(k x ERT interval) v * 



The ERT rate is calculated in Equation 3 by dividing 60 seconds by the product of the 
constant k, as described in Equation 2, and the ERT interval (measured in seconds). 
The ERT rate represents the rate of ERT intervals per minute. 

Decision module 340 compares an adaptive-rate sensor indicated rate (SIR) 
provided by an adaptive rate sensor and the calculated ERT rate. Decision module 340 
then selects a maximum pacing rate (MPR) as shown in Equation 4: 

MPR = minimum (SIR, ERT rate) (4) 



As Equation 4 indicates, the MPR will be determined by comparing the SIR and ERT 
rate and selecting the minimum, or slower, of the two. 
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If the adaptive-rate sensor indicated rate (SIR) is slower than the ERT rate, the 
SIR will be communicated to the pacemaker, as shown in module 350. Otherwise, if the 
ERT rate is slower than the SIR, the ERT rate will be communicated to the pacemaker, 
as shown in module 360. Therefore, through utilization of this methodology 300, a 
pacing rate limiter may effectively limit the maximum pacing rate presented to a 
pacemaker by comparing the SIR to the ERT rate and selecting the ERT rate if the SIR 
exceeds the ERT rate. 

The methodology illustrated in FIG. 3 can be implemented in a pacing rate 
limiter as part of a CRM system. A CRM system 400 is illustrated in FIG. 4. Generally 
included are adaptive rate sensor 410, pacing rate limiter 420 according to a preferred 
embodiment of the invention, and a pacemaker 430. The adaptive rate sensor 410 may 
include any of the adaptive rate sensors as described above. Further, adaptive rate 
sensor 410 may also include an intrinsic atrial rate as measured by electrodes placed 
within the atria, as described above. 

Adaptive rate sensor 410 is coupled to pacing rate limiter 420, and pacing rate 
limiter 420 is coupled to pacemaker 430. The adaptive rate sensor 410 may function to 
provide an adaptive-sensor indicated rate if adaptive rate sensor 410 is an adaptive rate 
sensor, or an intrinsic atrial rate. Pacing rate limiter 420 then selects a maximum pacing 
rate based on the minimum of an ERT rate calculated by the pacing rate limiter and the 
rate provided by 410. The pacing rate limiter 420 then communicates the maximum 
pacing rate to the pacemaker 430. Pacemaker 430 can then control the pacing 
stimulation frequency of electrical pulses communicated to the heart based on an escape 
interval as calculated from the maximum pacing rate. 

It should be understood that the CRM system 400 as shown in FIG. 4 is by way 
of example only and that other configurations may be utilized without departing from 
the spirit of the invention. For example, it is possible that adaptive rate sensor 410, 
pacing rate limiter 420, and pacemaker 430 could all be implemented in a single unit or 
may be implemented as separate units. Further, adaptive rate sensor 410 could be 
coupled directly to pacemaker 430, and selection of the maximum pacing rate could be 
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conducted by pacemaker 430 based on the rate provided by adaptive rate sensor 410 and 
the ERT rate from pacing rate limiter 420. Other configurations are also possible. 

A pacing rate limiter 500 according to a preferred embodiment of the invention 
is shown in FIG. 5. The rate limiter 500 comprises a main unit 520 with an input port 
526 and an output port 528. The main unit 520 is coupled to ER sensor 522 and T-wave 
sensor 524. Input port 526 is adapted to receive an adaptive-rate sensor indicated rate 
from an adaptive rate sensor, an intrinsic atrial rate, or other such pacing device. ER 
sensor 522 detects an evoked response and communicates detection of the evoked 
response to the main unit 520 of the pacing rate limiter 500. Similarly, T-wave sensor 
530 is adapted to detect and communicate detection of the T-wave to main unit 520. 

Output port 540 can be coupled to a pacemaker or other such CRM device for 
the heart. The pacing rate limiter 500 may calculate and communicate a maximum 
pacing rate to the pacemaker by way of output port 500. Once again, it should be 
understood that the embodiment shown in FIG. 5 is by way of example only, and that 
other configurations for pacing rate limiter 500 may be accomplished without departing 
from the invention. By way of example, the main unit 520 and sensors 522 and 524 
may be implemented as a single unit or as separate units as shown. Further, the pacing 
rate limiter 500 may possibly be implemented as part of an adaptive rate sensor or as 
part of a CRM device. 

The present invention should not be considered limited to the particular 
examples described above, but rather should be understood to cover all aspects of the 
invention as fairly set out in the attached claims. Various modifications, equivalent 
processes, as well as numerous structures to which the present invention may be 
applicable will be readily apparent to those of skill in the art to which the present 
invention is directed upon review of the instant specification. 
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